The paper describes an experiment aimed at studying muon capture by 3 
I. INTRODUCTION
The study of few-nucleon systems is interesting and very important. It gives a microscopic description of complex systems within the framework of modern concepts of nucleonnucleon interaction ͓1͔. Using the nuclear muon capture to study few-nucleon systems is a perfect tool since the nuclear structure had been found to play an important role in such systems ͓2,3͔. Energy transferred to a nucleus when muon capture occurred causes the excitation of low-lying levels in the residual nucleus up to the giant resonance region ͓4͔ or emission of intermediate-energy neutrons ͓5͔. This picture is clear within the framework of the plane-wave impulse approximation ͑PWIA͒ ͓6͔ ͑and references therein͒. However, some experiments ͓3,7-9͔ indicate that the energy transferred to the residual nucleus in muon capture is large. It was found in those experiments that collective nuclear excitations such as giant resonances play a decisive role in the muon capture process. In most cases the decay of the giant resonance was followed by the emission of a neutron and the formation of a daughter nucleus in the above-threshold state for which it was then ''beneficial'' to decay via the proton or deuteron channel ͓7-11͔.
An interesting feature of such nuclear decays is the emission of high-energy ͑40-70 MeV͒ charged particles ͑protons, deuterons͒ ͓12-17͔. By studying such an emission resulting from nuclear muon capture it is possible to get information both on the nuclear structure and the muon capture mechanism itself ͓2,3͔. The emission of high-energy protons and deuterons in muon capture seems to be due to the existence of initial-or final-state nucleon pair correlations and to a contribution to the interaction from the meson exchange currents ͑MEC͒ ͓18,19͔. Note that the MEC contribution is very sensitive to the details of the wave function for the nuclear system.
In the region of large energy transfer ͑extreme kinematics case͒ the MEC contribution to the interaction becomes substantial. Note that MEC and nucleon-nucleon correlation effects are included ''automatically.'' For example, the calculation of the rate for muon capture by a deuteron ͓20,21͔ indicates that inclusion of MEC in the muon capture matrix element considerably increases the calculated capture rate at the boundary of the kinematic region as compared to the contribution from the high-momentum components of the deuteron wave function. The above-mentioned factors may cause nuclear transitions with a large energy transfer.
Though yields of charged particles in the muon capture process are relatively small, the study of these events may give more information than other methods: it provides an insight into the mechanism for excitation and decay of nuclei upon muon capture. So far, there is no microscopic description of the nuclear muon capture process ͓2͔. To ensure a correct comparison between theory and experiment, it is necessary to study muon capture in few-nucleon systems (A р3), where a microscopic calculation of wave functions in the initial and final states is possible ͓20,21͔.
Matrix element calculations for the nuclear muon capture transitions are usually performed using the wave-functions model of the initial and final states. The wave-function parameter values are chosen such that calculated and experimental data agree correctly for the case of low-lying nuclear states spectra and corresponding magnetic moments ͓2͔. In the case of light nuclei a multiparticle shell model is frequently used. This model describes ͑with a defined accuracy͒ these characteristics, i.e., the spectra and magnetic moments. However, the shell-model accuracy may become insufficient because of poor knowledge of muon-nucleon interaction constants. In addition, there remains the problem of MEC.
At present, general properties of nuclear transitions to the continuous spectrum for muon capture are treated on the ba-*Corresponding author. Electronic address: bystvm@nusun.jinr.ru sis of a resonant collective mechanism for the muon absorption by a nucleus ͓2,3͔. The strongest E1 transitions, much like nuclear photodisintegration reactions, form a giant dipole resonance and are collectivized into a continuous spectrum at muon capture ͓2͔. The character of collective motions excited in nuclei at muon absorption is different from that in nuclear photodisintegration reactions.
The giant resonance at muon capture differs from the photonuclear giant resonance by a greater importance of spin waves ͑similar to collective excitations in solids͒ and by a larger momentum transferred to the nucleus ͑neutrino momentum͒ for muon capture than for photon absorption with an energy in the vicinity of the giant resonance. In addition, high-multipolarity transitions play a more significant part in muon capture than in photonuclear reactions. It is not yet clear why the charged particle yield at muon capture increases as one goes from 1p-shell nuclei to (2s-1d)-shell nuclei. Structure peculiarities of the giant resonance in (2s-1d)-shell nuclei ͓20-23͔ may play an important role, though.
For example, the entrance states of one particle-one hole (1p-1h) nuclei should quickly decay into more complicated configurations which may emit various particles before a thermodynamic equilibrium is established in the nucleus. This is the so-called decay from the pre-equilibrium state ͓2,23͔. In accordance with it, energy spectra of emitted protons and deuterons from (2p-2h) states of the daughter nucleus must be well extended into the high energy region. In Ref. ͓24͔ the authors assumed that proton emission at muon capture may indicate the presence of (2p-2d) states in the giant dipole configuration.
While in the low-energy region of emitted charged particles the resonant muon capture mechanism dominates, in the high-energy region the direct muon capture by correlated nucleon pairs seems to become prevailing. In the light of the aforesaid it is interesting to study muon capture by 3 He ͑and 4 He) nuclei followed by emission of protons, Ϫ ϩ 3 He→ pϩnϩnϩ , ͑1͒
and deuterons Ϫ ϩ 3 He→dϩnϩ . ͑2͒
Note that muon capture by 3 He is predominantly ͑70% of the cases͒ followed by the emission of tritons, Ϫ ϩ 3 He→tϩ . ͑3͒
However, this reaction was not studied in our experiment. Reactions ͑1͒ and ͑2͒ also attract interest because they are background reactions for the nuclear fusion process in the d 3 He molecule,
to which considerable experimental ͓25-30͔ and theoretical ͓31-35͔ studies have been devoted in the last five years. In addition, the study of such systems gives the possibility of verifying fundamental symmetries in strong interactions MeV. In addition, total summed rates for processes shown in Eqs. ͑1͒ and ͑2͒ were measured in three experiments ͓41-43͔ and calculated in Refs. ͓44 -46͔. A recent review ͓3͔ is devoted to the experimental and theoretical study of the nuclear muon capture and in particular to the muon capture by He nuclei. It contains essentially the full list of theoretical and experimental work performed in this field till today.
Other points indicating the importance and the necessity of studying processes of muon capture by 3 He nuclei are the following:
͑i͒ Progress in the wave function calculations for the initial and final states of such a three-body system ͓47-52͔ will give a better comparison between experiment and theory.
͑ii͒ Precise information on the characteristics of reactions ͑1͒ and ͑2͒ in a ''softer'' proton and deuteron energy region as that in Refs. ͓39,40͔ by using different techniques will be obtained.
The purpose of the study described in this paper is to measure the energy distributions of protons and deuterons ͓S(E p ), S(E d )͔ produced in reactions ͑1͒ and ͑2͒. We will also study the energy dependence of the differential probabilities for muon capture by 3 He nuclei.
II. EXPERIMENT

A. Experimental setup
The experiment was carried out at the E4 channel at the Paul Scherrer Institute ͑PSI͒ in Switzerland. The apparatus was originally designed and used to measure the nuclear fusion rate in the molecular system d 3 He ͓25,27,29,30͔. Figure 1 schematically displays the apparatus as seen by an incoming muon.
The cryogenic gas target, described in detail in Ref. ͓29͔, consisted of a vacuum isolation region ͑''V'' in Fig. 1͒ and a cooled pressure vessel made of pure aluminum ͑''T'' in Fig.  1͒ . The pressure vessel enclosed a 66 mm diameter space which was filled with either pure 3 He or D 2 ϩ 3 He mixtures. Five stainless-steel flanges held kapton windows over ports in the pressure vessel to allow the muons to enter and the particles of interest to escape from the central reaction region. In total, the target gas volume was Ϸ250 cm 3 . The incident muons, ϳ17ϫ10
3 /s at momenta 34 MeV/c or 38 MeV/c, were detected by a 0.5 mm thick plastic scintillator of area 45ϫ45 mm 2 , called T1, located at the entrance of the chamber. The electron impurities in the muon beam were suppressed by a detector and a lead moderator, called T0, both having aligned ϭ44 mm holes, slightly smaller than T1. Detectors T0 and T1 are not shown in Fig. 1 since they lie in the plane of the paper. To reduce background coming from muons stopping in the entrance flange with their subsequent nuclear capture and production of charged components ͑protons, deuterons, etc.͒, a 1 mm thick gold ring was inserted in the flange hole. Since the muon lifetime in gold is much shorter than in iron ( Au Ϸ0.073 s, Fe Ϸ0.2 s ͓53͔͒, the time cut used during the analysis of the detected event substantially suppresses the background arising from muon capture by the target body.
Charged muon-capture products were detected by three silicon telescopes located directly in front of the kapton windows but still within the cooled vacuum environment (Si UP , Si RI , and Si DO in Fig. 1͒ . Each telescope consisted of two Si detectors: a 360 m thick dE/dx detector followed by a 4 mm thick E detector. The silicon detector preamplifiers and amplifiers were RAL 108-A and 109, respectively ͓54͔. Lowenergy x rays from the muon cascade were detected by a 0.17 cm 3 germanium detector (Ge S in Fig. 1͒ positioned outside the vacuum chamber, but separated only by several kapton windows from the reaction volume. Muon decay electrons were detected by four pairs of plastic scintillator counters (E LE , E UP , E RI , E DO in Fig. 1͒ placed around the target.
The gas purity in the target was monitored by 75 cm 3 and 122 cm 3 germanium detectors (Ge M and Ge B ), which were sensitive to x rays between 100 keV and 8 MeV. Ge M and Ge B were also used to monitor ''harder'' x rays, providing information about muon stops in the target walls. The NE213 detector was used to detect 2.5 MeV neutrons from dd fusion. The detector electronics triggering system was similar to that used in experiments performed at TRIUMF ͑Vancouver, Canada͒ and details are given in Ref. ͓55͔ . The system measured events muon by muon, opening an 8 s gate for each received T1 pulse. At the end of the event gate, the individual detector electronics were checked and if any one detector triggered, all detectors were read and the data stored. If a second T1 signal arrived during the event gate, we assumed it was a second muon and discarded the event as pileup. Great care was taken with the T1 threshold such that no muons would be missed, although this increased the rate of event gates started by electrons. Those events were rejected in software based on a lower-limit energy cut from the T1 scintillator. The pileup rejection system was much improved over the TRIUMF version and reduced the detection dead time for multiple muons from Ϸ50 ns down to 3 ns. Thus we had only a 54ϫ10
Ϫ6 chance per event to have two muons enter the target simultaneously without our awareness, although again an upper-limit cut on the T1 energy reduced the number of these events accepted in the analysis.
B. Experimental conditions
The experiment was performed using three different gas conditions which are presented in Table I . The first measurement, run I, was performed with a pure 3 He gas at different pressures. The second and third measurements used a D 2 ϩ 3 He mixture at two different pressures. Run II was performed at 5 atm, whereas run III took place at a pressure more than twice larger, namely, 12 atm, where it was necessary to raise the temperature to avoid liquefying the mixture. The density is given relative to the standard liquid hydrogen atomic density ͑LHD͒, N 0 ϭ4.25ϫ10 22 cm Ϫ3 . As seen from the last column of 
III. MEASUREMENT METHOD
This section describes the method used to measure the differential muon capture rates by 3 He nuclei with the production of protons and deuterons, as given in Eqs. ͑1͒ and ͑2͒. Essentially, it is a simultaneous analysis of the time and energy spectra of events detected by the Si(dE-E) counters when muons stop in the gas target.
The first step is to obtain time and energy spectra from the three Si(dE-E) detectors for each run. As a function of time, we then create two-dimensional energy spectra (dE-E) to suppress essentially the accidental coincidence background and to separate precisely the two regions corresponding to the protons and deuterons.
The second step is to simulate via Monte Carlo ͑MC͒ the time and energy distribution of the events detected by the Si(dE-E) detectors. The simulations are performed as a function of different proton and deuteron energy distributions.
The final step is a comparison between the experimental results and the MC simulation. The first comparison is done using the least-squares analysis between MC and data, and is described in Sec. IV A. The second comparison requires one to first transform the experimental spectra such that one obtains the initial energy distribution using Bayes theorem. This analysis is given in Sec. IV B.
The number of protons with a full kinetically allowed energy range ⌬E are the 3 He total muon capture rates when producing a proton, Eq. ͑1͒, a deuteron, Eq. ͑2͒, and a triton, Eq. ͑3͒, respectively. An analogous equation like Eq. ͑5͒ should also be written for the production of deuterons. To avoid complication, we only write equations for the protons using the p index.
Thus the proton yield produced in the reaction ͑1͒ during a time interval ⌬Tϭ͓t 1 ;t 2 ͔ for the full energy range
with the time factor f t given as
where ␦tϭt 2 Ϫt 1 ͑here and later in the paper we denote by ⌬xϭ͓x 1 ;x 2 ͔ the interval of the quantity x and by ␦xϭx 2
Ϫx 1 the interval width͒.
We are now interested to know the proton yield for a certain energy range ⌬E p ϭ͓E p ;E p ϩ␦E p ͔ ͑the proton energy lies between E p and E p ϩ␦E p ). Such a yield,
By using Eq. ͑10͒, one can write the capture rate as function of the energy range as
where ⌬T max ϭ͓0;ϱ͔. Therefore the differential capture rate averaged over the proton energy range becomes
The number of muon stops in helium N He is found by measuring the yield and time distribution of muon decay electrons stopped in the target ͑gas and wall͒. The total number of muon stops is given by
N ϭN
He ϩN wall . ͑14͒
The muon decay electron time spectra can be reproduced by a sum of exponential functions due to the muon stopping in aluminum and gold ͑target walls͒ as well as in the gas, 
IV. THE ANALYSIS OF EXPERIMENTAL DATA
As already mentioned in Sec. II B, the experiment was performed using two different gases, namely, pure 3 He as well as a mixture of D 2 ϩ 3 He. When a muon is stopped in the gas mixture, different processes occur. A diagram of processes occurring in the D 2 ϩ 3 He mixture ͑the most complex one͒ is displayed in Fig. 2 .
In the run with pure 3 He ͑run I of 
where A is the ratio between the stopping powers of the deuterium and helium atoms, Aϭ1.7 (2) ͓62͔, and a D is the muon capture probability by a deuterium atom. q 1s is the probability that the excited (d)* atom will reach the ground state. The term q 1s a D is the probability for a muon stopped in the D 2 ϩ 3 He mixture to be captured by a deuterium atom and reach the ground state. Thus the proton yield in the time interval ⌬Tϭ͓t 1 ;t 2 ͔, for the whole energy range ⌬E p max , is given by
The number of protons following muon capture in the energy range ⌬E p is then
and the capture rate becomes
Note that Eqs. ͑27͒ and ͑12͒ are similar for both the pure gas and the mixture. The difference lies in the time factor f t , given by Eqs. ͑25͒ and ͑9͒. ted using Eq. ͑19͒. For run I with pure 3 He the value of f t was determined by using cap He in Eq. ͑5͒. As mentioned in Sec. III, we find the number of muon stops in the gas by fitting Eq. ͑15͒ to the muon decay electron time distributions. Figure 3 represents such a fit of electron time spectra when all four detector pairs E UP , E RI , E DO , and E LE are added together. Figure 4 displays the energy spectra of the low-energy photons from 3 He atoms (K␣ at 8.2 keV, K␤ at 9.6 keV, and K␥ at 10.2 keV͒ measured with the germanium detector Ge S with and without the delayed muon decay electron coincidence. The electron detection efficiency e is determined using Eq. ͑18͒. The so obtained value still needs to be corrected for the difference in positions between the germanium and the Si(dE-E) detectors with respect to the muon stop distribution along the incident muon beam. The final value for the total muon decay electron detection efficiency of the four electron counters found from the analysis of run II is e ϭ16.4Ϯ0.22% ͓27,30͔.
Since the background is mainly caused by muon stops in the target walls ͑Al, Au͒ followed by their nuclear capture and the emission of charged products ͑with characteristic times Al ϭ0.865 s and Au ϭ0.073 s ͓53͔͒, the background contribution will be determined in two steps.
The first step is to remove the background contribution from muon stops in gold. Hence, we selected only events detected by the Si(dE-E) detectors for times tϾ4 Au . The remaining events are due to muon stops in the gas, which have a time distribution following Eq. ͑5͒ for pure 3 He and Eq. ͑19͒ for the mixture D 2 ϩ 3 He, and muon stops in aluminum. Therefore, the time distribution of the Si (dE-E) 
͑39͒
Analyzing the data according to Eqs. ͑34͒ and ͑35͒ we obtained the intervals ⌬t A ϭ͓t 1 ;t 3 ͔ϭ͓0.51;1.098͔ s and ⌬t B ϭ͓t 3 ;t 2 ͔ϭ͓1.098;6.0͔ s. The corresponding capture events in aluminum amount to ϳ23% of the total events. As an example, Table II show the number of events measured in run II in both time intervals and both elements.
Our subtraction method, while reducing the number of events in helium by a factor 2 ͑see Table II͒, yields essentially background-free events. However, Eqs. ͑36͒ and ͑38͒ still contain some parameters that need to be determined, namely, the energy interval ⌬E p and the accidental coincidence background described by the constant C.
The energy intervals for detecting protons and deuterons by the Si(dE-E) detectors were chosen such that the real detection sensitivity is the same for any initial energies. This allows us to remove any possible distortion in our amplitude distribution, which would occur for too low or too high energies. The chosen limits are 4 -23 MeV for both protons and deuterons in the thick E detector. The thin dE detector has two different energy intervals, namely 1-6 MeV for the protons and 2-8 MeV for the deuterons. Figure 6 displays the two-dimensional (dE-E) distributions of events detected by the Si(dE-E) detectors in run I with pure 3 He and in Run II with the D 2 ϩ 3 He mixture. The two distinct branches of events corresponding to the protons and the deuterons are clearly visible and lie inside our chosen energy intervals. Note that the shapes of the twodimensional (dE-E) distributions obtained in the runs with pure 3 He and with the D 2 ϩ 3 He mixture coincide. This indicates that there are no neglected systematic errors, and that the algorithm used for the data analysis is correct.
As to the accidental coincidence background described by the constant C, its contribution to Eqs. ͑36͒ and ͑38͒ is small when compared to the muon stop contributions in Al and 3 He, as can be seen in Fig. 5 . The constant C was quantitatively determined in each run by fitting the time distribution, as given in Fig. 5 , including the time interval Ϫ0.4 sрt р0 with respect to the muon stop. Details of such a fit shown in the muon decay electron time spectra are in Fig. 3 .
As mentioned in the Introduction, we want to determine different characteristics of the muon capture by 3 He nuclei, namely, the initial energy distributions of protons and deu- 
A. Method I: Least squares
The principle of this method is to use MC simulations to reproduce the experimental data and to minimize the free parameters which are required by such a simulation. The simulation conditions and parameters will be given below. The energy spectra of the protons and deuterons produced by reactions ͑1͒ and ͑2͒ are divided into i subintervals of 1 MeV fixed widths. Since the theoretical maximum energies are Ϸ53 MeV for the protons and Ϸ33 MeV for the deuterons, the numbers of subintervals are 53 and 33, respectively.
Using the experimental muon stop distribution in our target, we simulate the probability P MC (A jk /E p i ) that a proton ͑analogously a deuteron͒ produced with an energy E p i ͑in the ith interval ⌬E p i ) will be detected by the Si(dE-E) detectors in the ( jk) cell of the two-dimensional distribution A jk . This probability is
where (n jk ) i MC is the number of simulated events detected in the ( jk) cell when the number of protons, which were created with an initial energy E p i from the interval ⌬E p i , is expt. over j and k. A second and parallel minimization is done when projecting the experimental and MC events onto the two energy axes j and k. When projecting onto the E axis, we have the experimental data as
, ͑46͒
and the MC events as
2
.
͑48͒
Similar equations can be written for the second axis j when we project the events onto the dE axis. Figure 7 displays the least-squares comparison of the E axis projection of the two-dimensional experimental and the MC simulated distributions for the protons and the deuterons of run II. As seen, the MC distributions correspond very well to the experimental proton and deuteron energy distributions, thus strongly supporting our analysis method I.
The amplitude and fall-off yield results from the three experimental runs ͑I-III͒ are
for the protons and
for the deuterons. The capture rates cap p (⌬E p ) are obtained after using Eq. ͑43͒ to calculate the proton yield N p (⌬E p ,⌬T) and then applying Eqs. ͑12͒ and ͑27͒. The differential capture rates d cap p /dE p also follow from the proton yield and Eq. ͑13͒; they are given in Figs. 12 and 13 for the protons and deuterons, respectively. 
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The average energy distributions ͗S(E p )͘ and ͗S(E d )͘ from runs ͑I-III͒ normalized to unity for the energy intervals 10рE p р49 MeV and 13рE d р31 MeV are given in Table  III for the protons and in Table IV for the deuterons. ͓67͔ of nearest-neighbor ͑NN͒ interaction in the final state ͓48͔.
Experimental and theoretical results agree quite well within the statistical errors for the energy ranges 10рE p р40 MeV and 13р E d р24 MeV, respectively. For proton energies E p Ͼ40 MeV and deuteron energies E d Ͼ24 MeV a discrepancy exceeding the tolerable range determined by the statistical errors is observed. The cause of the discrepancy is not clear yet. It may be due to the necessity of taking into account exchange current contributions in the interaction and nucleon pair correlations in muon capture by the 3 He nucleus.
B. Method II: Bayes theorem
In this approach we use the Bayes theorem ͓68 -72͔ to determine the initial energy distribution, S(E), of the protons and the deuterons produced by muon capture in 3 He. For this purpose, we apply inverse transformations from the detected two-dimensional (dE-E) amplitude distributions.
The relation between the probability P(A jk /E p i ) that a proton produced with an initial energy E p i ͑in the ith interval of 1 MeV width in our case͒ will be detected by the Si(dE-E) telescopes and the inverse probability P(E p i /A jk ) ͑probability that a proton detected in the ( jk) cell comes from the ⌬E p i subinterval͒ is
The probability P(A jk /E p i ) is given by the MC simulated probability P MC (A jk /E p i ) defined in Eq. ͑40͒. In the first step of the analysis we start from the initial energy distribution S o (E p )ϭS(E p ) given by Eq. ͑42͒ with an arbitrary set of parameters. When using the probability given by Eq. ͑51͒ and the experimental data of each ( jk) cell, we obtain a set of i relations,
͑52͒
where N p (⌬E p ,⌬T) corresponds to Eqs. ͑10͒ or ͑26͒, and P(A/E p i ) is the probability that a proton of initial energy E p i is detected anywhere in the proton branch of the twodimensional distribution A jk . This probability can be written as
We then compare N p (⌬E p ,⌬T) and the experimental counts N expt.
ϭ ͚͚(N jk ) expt. for each ith interval via a 2 analysis and obtain a proton energy distribution S(E p i ) from Eqs. ͑52͒ In addition, the initial energy distributions of the protons and deuterons can also be derived by analyzing the projections of the two-dimensional distribution (A jk ) onto the dE axis (A j ) and the E axis (A k ). The equations for the dE axis are
Similar equations can be written for the E axis. Using the above equations, we obtain simulated values for the proton and deuteron yields as measured by the Si(dE-E) detectors. Figure 9 shows the projections of the experimental and simulated (dE-E) distributions for protons and deuterons onto the E axis. A comparison between the experimental energy distributions given in Fig. 10 and the energy distribution calculated by the impulse approximation reveals some discrepancies of the same character as in the method I analysis, as long as the interactions between the reaction products ͑1͒ and ͑2͒ are considered and a realistic Bonn B ͓48͔ nucleon-nucleon potential is employed.
The capture rates cap p (⌬E p ) as well as the differential capture rates d cap p /dE p which are found from Eqs. ͑52͒ and ͑55͒ using Eqs. ͑12͒, ͑13͒, and ͑27͒ are given in Fig. 12 for the protons and in Fig. 13 for the deuterons.
V. CONCLUSIONS
The proton and deuteron energy distributions found by methods I and II largely coincide within the measurement errors, which points to the compatibility of the different approaches and to the absence of any systematic errors which may have been neglected in the analysis of the experimental data ͑see Fig. 11͒ . However, the errors on S(E p ) and S(E d ) found by both methods are different. The analysis using method II gives a more precise information about the proton and deuteron energy distributions than method I. In method I, we compare using the numbers of detected events from a ( jk) cell with similar MC simulated data. Such numbers are the sums of the contributions from all ith proton energy subintervals ⌬E p i . In method II, we have much deeper relations because the comparisons are performed via Eq. ͑52͒ for each ith subinterval separately and all comparisons should be simultaneously satisfactory.
Similar remarks hold for the differential capture rates Next, we can estimate the total capture rate "full energy range ͓0;ϱ)… using a simple extrapolation of our data at low energies and a one-exponential weighted fit of the differential capture rate in the full energy range. Using the function
where H and G are free parameters, we obtain the total capture rate for the proton as their ratio Results for protons and deuterons, using both methods, are given in Table VIII . The summed rate cap p ϩ cap d ͓which corresponds to Eq. ͑7͒ without the triton contribution͔ is also compared to other experimental ͓41-43͔ and theoretical ͓44 -46͔ values. Agreement between our results and previous ones is excellent.
An experimental determination of muon capture on 3 He nuclei makes a study of electromagnetic and weak interactions of elementary particles with 3N systems possible without introducing uncertainties due to inadequate approximations of 3N states in the analysis. According to the theory, meson exchange currents must also be taken into account in future analysis of experimental data. As compared with Refs. ͓39,40͔, this experiment yields for the first time information on the ''softer'' region of proton and deuteron energy spectra, which is more sensitive to the theoretical models describing the final-state nucleon-nucleon interactions.
Finally it should be mentioned that by increasing the efficiencies of the proton and deuteron detection systems and their functional capabilities, by decreasing the lower and increasing the upper thresholds in the Si(dE-E) telescopes, the above method will provide precise information on the characteristics of muon capture by bound few-nucleon systems. It then becomes possible to verify various theoretical models of muon capture by helium nuclei and to clarify the nature of discrepancies between the results of the present paper and the experimental data ͓39,40͔.
